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It is found that the addition of an excess of a polar solvent that is 
miscible with the carrier fluid results in flocculation in which particles 
separate from the liquid phase. After separation of the solids from the 



supernatant, it is observed, that the solids redisperse spontaneously (pep- 
tize) in fresh solvent in a number of cases. It is thus possible to isother- 
mally concentrate the colloid and interchange the carrier solvent. Other 
means studied for the modification of the ferrofluids include ultracentrifu- 
gation and magnetodialysis. 
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It turns out that the necessary separation can be achieved by coating 
each particle during its manufacture, with an elastic cushion which thus acts 
as a dispersing agent. This was effectively the approach taken by Papell of 
NASA in his early work on ferrofluids (refs. 2 and 3). The ferromagnetic 
particles are produced by tumbling ferrite materials with steel balls in the 



presence of a carrier fluid such as kerosene which has dissolved in it a 
dispersing agent such as oleic acid. During the course of this program w 
have further studied this technique and have learned how to increase the 
magnetic strength of the fluid by a factor of nearly 10 while incorporating 
flexibility in the choice of magnetic solid, carrier fluid, and dispersant 
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specifications of the grinding equipment are presented in table 1 
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The mixture was sampled periodically to determine the rate of colloid for- 
mation. 
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The effect of a number of surfactants on the sedimentation of magnetite 
in kerosene was scheduled in 50 ml color comparison tubes. One-half gram 
of synthetic magnetite ( Pfizer IRN 100, Lot 1207) with, a surface area of 
12. 5 m 2 /gram was dispersed in 50 ml of kerosene which contains about 
0. 015 gram of surfactant. The powder was used as received from the 


TABLE 3. - SERIES OF GRINDING RUNS 
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Tests were carried out with magnetite -kerosene suspensions in the 
presence of numerous surfactants. The results are listed in table 6. 
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larly inorganic salts as exemplified by cobalt sulfate heptahydrate (G-28) 
were not satisfactory stabilizing agents. Neither was a commercial per- 
fluorinated surfactant FC-170, manufactured by Minnesota Mining and 
Manufacturing Company (G-29). 


Additives that resulted in stable colloid formation in magnetic solid/ 
irbon systems were all polar organic molecules that contained at 


• s s s * - s 

CO 0 O O OJ 

co O <u te 

" “ o ? S 

00 +? cd £ D 

rj ° ■+■* 

• H d U TJ'W 
Hd _ t* cd 


« 3 s d 1 4? 

• rH rH |_L| (U 

.2 * ^ t o g 

£ S u o * * 

o S ,d o, o ® 

cd T-) 00 ^ cd £J 

h -2 -d co d 

+J d t 3 2 n 

d +-> r, m o 

<o o .2 >s m o 

"o 2 ^ H t) CX 

•2 £ ^ $ a 

53 « 3 ■§ rt S ^ 

5 .9 jg .§ ffi =3 ^ 

-g ts «« 3 o .s < 

2 •h ° u O cn 

+j o « & o 9 

d 4-> O CO ^— ) • d 

n U Pi ^ «-< r d <D 

^ O w 7/S «5 

>> Ci co 0 ° 

U C$ CD ^ ffi r-H ?n 

cd ^ £ Pi o o s 

CO CJ Pli HH — cj 


•>. TJ CD 
4 ^ CD ^ 
H CO <+h 

43 Cd ° 

o 

r/\ 


^ *ri ^ 


ti u tj 

TO 0 0 

“ +J m 

“> CO 

2 £ rt 

3 3 t> 

•H Q *H 

* ^ 2 


CD 

0 4-J 

^ § 'g 
co d 0 

g g, “ 

f 3 -H <D • 

?H «H «rH 

^ -4-* r 

^ Sf ^ 

•«H <D 0 
O p, 

? co- o • 

o -*-» ^ 

• H {h Q-l 
CD CD . 
h > 'd 
o A Pl 
o cd - 

4-i CO 

d d 
CD * O 

3 ^ 5 

° 3 g 

To 

g w o 

rQ ^ ^ 

!« 2 0 
y <d <d 

O m 4-> 

?h Itj (\J 

T* -3 * 

*2 2 - 
•d o ■“ 
•3 «h d 
o ° 0 

CQ CQ 'J- 1 

r\ ” PS 

y o cj 
+3 <0 -g 

O {H 2 

on 11 ^ 
bJO l 

05 0 S 

S 5 • 
■3^° 

■ $ d 

| IS .2 

rQ +J 

£ O Ctf 
g ^ Cl 

2 H 

Ph d d 

, o U 
<J o 

d 

0 o 


Vj • r-! * 1-1 

£ ° o -e 

, H jrl Pi 
r-H TO 0 

0 O 0 p 

« ° -5 S? 

.2 -g S 

+■* w o 

Cl) p 

fi ^ Cfi 

w> d 

nj CD 

a 


o 'u 

a y 

o ^ 

CO r0 

mh -r; 

0 % 

d . 

.2 -H 
4-> d 
oJ * H •• 

d ° 0 
ti v u 
u d a; 

O “ ^ 

<0 o 

S M s 

^ <0 rd 

• S | H 

TJ S 

3 § o. 

d «S o 

S « ° 

S_I ?H ^ 

o d 

■s ^'a 

•d CO oj 
^ d d 
^ d d 
_ u >, 

tj W) U 
d d rj 
aJ .h H 
^ r0 cd 

a h o 
cd -5 -h 

MH JL< ?H 

S W) 0 

m o a 

«H £ ^ 
0 H ^ 

co .a 4= 
3 3 i 

° ^ d 

^ 0 0 

^ cd 

. <-H 

3 g 

3 a 


cd 0) 
•h cd 

o d 

O *rH 

d ° 
oa y 
O P 5 
4h CQ 

tJ 0 

d ^ 4 — i 

CO r “j 

d 

r-H CO 

>N 

X H 
o ^ 

4? a 

' cd 


Ph 

H 



H 

O 


< 

r-H 

t-H 

rH 

r-H 

0 

O 

0 

0 

CO 

co 

CO 

CO 

O 

O 

O 

O 

u 

Cl 


u 

0) 

CD 

<D 

<D 

<q 

< 

<5 

<: 


r- 

c\] 


uV u 

0 r-} 


<D 

» A S ' 
g O H , 

5P CO • ' 

O d [g ■ 

(ti S pH 

a <5 -h . 

, >> W) 
S P 

TO »H , 

_, T) Pi 

•S * -3 • 
3 % 

<n -4-> d 

> o 8 

n) ,™ 

rS *3 2 

<u s 0 , 

■° 3 g 

« ti £ 

5 fi 9 
"B g Ph 

OO w 
CO . Q 

w s y 

§ g.’o. 

OS'S 

TO l_i 

gi 1 is 

03 o d 

« w rt 
2 <U —. 
+3 +> vO 

O g t 


r P 
cu 0 

^ CO 
4-> CO . 

P P 2 
d o a 

n W 0 
O .H »H 

d ^ CO 
m ?h 

U 0 0 

^ ^ Ph 
w a 

, -H *H 

d -g * 

Pi ^ -H 

O rj d 

•h S nO 
o y 

s 8° 


S § 03 

4-J 4-> 

• iH • 

-H cj 
~ 0 5 

CO bJO 

^ d 

P rd .2 

■s: 1 

Pi O £ 
d 

° ° m 

> -H CD 

1> 4-> 4-> 

^ d d 

^ 2 ^ 
CO Ih d 
CU *H 
rj d d 

B a 1 -h 


—f r-1 

D ^ 0 

■Es a 

j« 2 a 


O pj 

T 3 u o 


^ v a 
is xi o 
o H « 



1 




d 

0 . 

d 

o 

d 

1 

d 

d 

d 

• r~H 

d 

d 

4-> * 

^ 'd 


m 

0 

o 

CO 

T} 

£ CO 

CO 


d 

0 

+-> 

0 

> 

•H 

d 



d 


o d 

u 

CO 

d 

CO 

0 

H 

d 

?H ,H 

r>. 


-3 

j g s 

,Q 03 Pi 

£ S J 

w B o 

d <m cq 

O »H 


d ^ o 
B .h d 

P>N 4_J 

O CO o 

0 **H 

* .2 J 2 

3 a, ° 

o ^ ^ 

O , 4-> 

tj c 3 ^ 
jjj pi a 

— . rj 


co 0 ^ 
^ rd ^ 
o ^ B 

_ d £ 

10 co co 
10 d co 
' d 0 

« 'T o 
.S Shi 


« m o 

^ > CO 

O ^ rrf 


d »H rj 

1^ g 

U Tj 
0 CO 

O -H 

° B d 
Q 0 o 

^ O .H 


d fi 4 h 
. 5? 


Oh 

0 ^ 

d o 
H o 

tuo ^0 

• H ^ 
•H ^ 

bfi 3 


% XJ 

Cu 

d rQ 
d ^ , 


0 d ^ 

pH HH d 


Index of Colloid Formation 


baturarion magnenzcmon , /v\ s , gaubb 



Liquid density ,p, gm/cc 


uo 

O 



Figure 4. — Effect of Operating Equipment, Using Liquid Density as Index of Colloid Formation 
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Figure 5. - Effect of Surfactant Type, UsingMagnetization as Index of Colloid Formation 
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Figure 10. — Effect of Initial Particle Size, Using Liquid Density as Index of Colloid Formation 
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Figure 12. - Schematic Size Distribution of Powder for Development of Grinding Model 
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The rate of grind is a function of the equipment used. Under other- 
wise equal conditions the rate of grind is faster in the attritor than in a 
standard ball mill. In the attritor, the rate constant appears to vary as the 
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TABLE 7. - VALUES OF THE SATURATION MAGNETIZATION AFTER 500 HOURS OF GRINDING ANDTHE 
GRINDING RATE CONSTANT, K 1t FOR DIFFERENT GRINDS 




square of the speed of rotation of the impeller. Run A- 11 was operated at 
600 rpm. Run A- 10 at 505 rpm. The rate constant in large ball mill is 
about three times the rate constant obtained in a small mill. This is ap- 
proximately equal to the ratio of the mill diameter squared. 
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formed a gel during processing which was later broken. Thus, in the lim- 
ited range of 1.0 to 1.8 cp solvent viscosity had no effect. 


4-> 

O 

0 

*4H 

*4H 

0 


Xl 
* 

d cd 


xl 

cd 

rd 

Xl 

0 

CQ 

d 

4-J 

d 

cd 

o 

Cd 


Xl 

d 

<d 

4-> 

03 

0 

-d 


xf 

d 

cd 

LO 

0 

u 

d 

bJO 


xl 

0 


Xl 

?H 0 

d ® 
^ ' 


S3 

cd 

rCl 

4-J 

Jh 

0 

rd 

bJO 


4-> 

0 

o 

Jh 

0 

a 

o 

LO 


o 

a 

03 

cd 


u 
d 
cq ^ 


0 

rd 

H 


i d 

o ^ 

I 

a 


0 

OIL 

H 

H 

4-> 

d 

cd 

4-J 

o 

cd 

*4— I 

J4 

d 

to 

*4-4 

o 


o 

0 

*4—1 

*4-4 

w 


o 

2 * 

S3 O 

O '■H 

H cd 

4-> 

~ cd 
• xi 

*? 0) 
<u rt 

^ ?H 

2 ^ 
B <u 

2 3 
(D 


o 

i> 


d 

0 

Eh 

*4-4 

o 

0 

4-J 

cd 

Jh 

bJO 

d 

• r-4 

XI 

d 

• 1-4 

JH 

bJO 

u 

•l-H 

<4H 


&2 
03 a 
d 


£ 2 
cd ^ 
Jh H 

0 

-d 

£ xl 

• rH 

d o 
o cd 


u 

• 3—4 
0 
r— i 

O 


0- *4H 

« 0 
r-H 4-J 

X cd 
d rd 


03 

cd 

4— J 

d 

0 

w> 

cd 

buo 

d 

• pH 

XI 

d 

• 1-4 

Jh 

b€ 


0 
> 
• 1-4 
4-J 

O 

0 

*4H 

*4H 

0 

03 

cd 

4-J 

O 

d 


0 

d 

• r-H 

a 

cd 

r—i 

!>N 

u 

0 

XI 

cd 

4-J 

o 

o 


Jh 

Cd 

r-H 

• H 

a 

• r-4 

CO 


xl 

•r-* 

(J 

cd 

u 

• rH 
0 
T— H 

o 


Xl Xl >N 
0 0 0 
03 ^ rd 

rj TO 4-J 

® 2 2 
r& 03 

rrH 0 

^ r -4 4 -J 

0 
03 

o 


d 

o 

o 


bJO 

d 


cd 

rd 

4-J 


03 03 

Xl Xl 

• r-4 Cd 

r-H 4-J 

O 0 

m a 

<U 

45 O 


^ a 

1 cd 

*4H 


0 

a 

H 

Eh 

03 

Xl 

•H 

r-H 

O 

CO 


xl 

d 

• rH 

Jh 

bJO 

0 

03 

0 


0 

d 

buol 

cd 


u 

0 

*4H 

*4H 

w 


Jh 
0 

• d Xl 

<U I 

03 g 

d a 

*4H 0 

o d 

• r-4 

0) ^ 
4S >> 

O 

H > 

• 1-4 

4-J 

• cd 
u r ' H 

• 2 0 
4-J t. 

0 H 
d cd 
bJO 
cd 


CQ 

cd 

1 c © 

1 2 3 

a ni d 

2 rt | 

<*> 5 cd 

“ CD 0 

2 0 rQ 

5 g ® 

05 0 rt 

r-H 

0 cd 40 

CD CO 

0 0 d 

^ a a 


i 

4-J 

0 

d 

bJO 03 
cd xj 

a * 

M 0 


0 

rd 

4-J 

£4 

0 

Xl 


xl 
0 
Jh 
0 
Xl 

£ 

O . 
p4 W 


bJO ^ 

•rH 

PH 


cd 

03 

cd 

£ 

xl 

0 

d 

• rH 

a 

cd 

X 


0 xl 
0 


cd 

•iH 

u 

0 

Id 

a 

r— I 

cd 

P 4 

•rH 

O 

d 

• rH 

u 

p4 

0 

Eh 


__i Xl 
Xl 0 

^ d 

•rH 

cd 


O 

Jh 

0 

Xl 


O X) 2 

43 S 3 2 

d "* 

>> 03 

M -S 
0 


0 

i-X 

Jh 

cd 

a 


cd 

• r4 

Jh 

0 

Id 

a 


43 

Eh 


|>N O 

d 


o 

U 


Jh 

d 

4-J 

2 O0 

Jh 
0 
N 

• iH 
*+H 


• > 

0 .rt 

•t5 Q 


^4 o 

0 p4 
4-J 

cd 0 

a 2 

4-J 

.2 «H 
2 0 
** 43 

*4H Q, 

^ fd 

Jh 
bJO 
O 
Jh 
O 

•rH 

a 

o 


P 4 n H 

2 ^ 
-H rd J_| 

Cd dn 3 
° <h ^ 

«h d (J 

® 2 cd 

^4 *+H 

rd +1 ^ 

° d 
5 cd 


P4 


00 


co 03 

O cd 

<N Sh 

£ D 

• *-H 

(X O 


r-H -j 

0) g 

__ d d) 

^ Cd ^ 

co H 

^ 03 ^ 

•r4 *4H 

O - 0 
2 

xl 
d 
cd 

0 r ^ 

oho 

1 — 1 

0 
rd 


i-H £0 
£ 

h +» 

d JH 
bJO d 
O 


HH 

1— -1 

03 rQ 

0 cd 

Xl 4-> _ 

° d rd 

o - ■' 


a 

^ O 

.. o 

Jh Xj 
0 ^ 
*4H d 
•1-4 

u -*-> 

.2 >> 
tsj u 

1 h 

0 

03 >0 

0 r£J 

d . 
cd ^ 
bJO 

d S 

2 5 

o 
cd 


.2 . 
2 2 

Jh d O 

O bJO rd 
cd Q-. 

2 cd 

2 - 
>S H 

a lo 


0 

1 — H 

rO 

cd 


0 


d 
03 ,d 

xl 

•rH 

d 


cd 

rd 


*4H 

o 

Jh 

Jh 

0 

*HH 

cd 


d 
d 

•r4 ^ 

1 a 

1 u 

d 0 

2 0 

£ o 

*4H ^ 

^ o 

0 4-J 

Oh 

O 

0 o 
0 o 

^ 4H 

m .2 
m O 
0 Qh 


bJO 0 

*d ^ 
^ d 

-d 

4-J 

d * 

2 ° 
Oh o 

a) § 


0 
d 
but) *d 
cd ^ 

fo 

0 cd 

u 1 - 7-4 

d ^3 

4-J CO 

cd ,d 
u ^ 

2 ^ 
0-1 .r-4 

Jh 


O 

4-J 

Xl 

d 

d 

o 

*4H 

03 

ten' 

r < 

u 


0 


0 

u _ J 

cd Jh ^ 
Q4 d o 

o 

a l ° 

■2 ^ 'v, 

03 


0 

d 

xl 


0 

bJO 

d 

cd 

Jh 


0 

^ d 
0 ^ R 

0 03 

Jh 0 


a 

0 

4-J 

0 

rd 


o 2 

03 4-J 

0 cd 

Xj rd 

XI 4-J 

d 

4-j X5 
03 0 

4-J 

0 cd 

03 O 

d xl 

0 ^ 
rd £ 

1 ,rJ 

d Jh 
1 — I 0 

xl 


c\] 

00 


o 


bJO 

o 


d LO 

o 


*-H 

o 

5^4 

0 

rD 

a 

d 

d 


0 

4-J 

d 

• 1-4 

*4H 

o 

03 

cd 


xl 

d 


^ o 

xl 

> 03 

° 2 
a - 


Jh 
0 
Xl 

bJO O 
cd a, 

2 03 

• 1-4 

d rd 

o ^ 
Tj m 

Id o 

'2 ^ 
d 4 -j 

4-J -1-4 

cd 0 
co d 
0 
. TJ 


Jh 

0 

> 

0 

O 

rd 


0 rd 
bJO 

d 
o 

Jh 


o 

d 

cd 

rd 


.2 ^ 

0 d 
> -h 

d 4 -j 

o d 
o 0 


0 

d 

J4 

4-J 

0 

rd 

H 


Jh 
0 
Xl 
£ 

o . — 

Q. ^ O 

w)x; 

03 JL, Xl 

•300 
^ d o 


Xj 03 

^H .2 

o £ 

(H ^ 

2 g 

W) ^ 
o ^ 

Jh d 

o o 


• H 4-J 


•r p c 0 d 4 -j 

> H 0 u C cd 


bX)£ 

r 

* 1 

>S 0 

r n xl 

73 o 

2 8 . 

5 «g 

O 33 
ni 

*4H 0 

d d 
d bJO 
cd cd 

a a 

O 03 

o •-* 

O r-H 

cd 

•l-H 

u 

d 0 

0 4 -j 

a g 

bJO C 

Oh 0 

•r 4 

O .d 
£ Eh 
0 

d . 

w> >H 


2 

bJD 


cd 

2 


d " 


0 

Xl 

cd 

2 

03 

cd 


rd 

o 

o 

Jh 

« 


u 

• 

CQ 


0 

d 

0 

CQ 

d 

l-H 

10 

3 

d 


0 

cd 

Jh 

CQ 

r-H 

4 -J 

bJO 

c 

0 
• r -4 

d 

O 


Jh 

0 

O 


4 -j 


vO 


0 

d 

xl 

* 4 H 

0 


£ 

O 

rO 


id 


cd 

0 

Jh 

cd 

0 

o 

cd 

*+H 

Jh 

d 

03 


a 


•“3 

2 

1 is... 

2 g s s 

»q u a 


£ o 

05 ^ 

2 

c 

O CQ 

Cu cd 

rn 


Xl 

0 4 -» 

XJ ® 

•r-4 0 

> 

• r-H 

Xl 

>> 

1 — 1 0 
0 .2 
d Jh 
X? O 


Jh O 
O 


O 


^ -g 

•r-H 

rd 
£ 


03 


0 
d 
bfi 
r4 d 

8 g 

hn 


bJO 

X ^ c 

>N fo 04 o 

r— H Jh £ *i-4 

00 

rj o so fo 

c cd 10 
0 t d 

C. M *-H 4-j 

-S n ° cd 

!x! 0 , 03 

0 Jh cd 

ti 0 0 
S3 £ n 43 
rt ^ (3 [-1 

c a <u 

•i o U • 

2 u ^o<! 
-'do 

r A“ H 

O o ^ 


0 

0 


Jh 

cd 

a 

0 

rd 


cd 

rd 

4-j 

o 

CQ 

o 

Jh 

cd 

u 

•rH 

Jh 

4-J 

0 

0 


O 

o 


0 


04 

r-4 f <U 

XI ^ 


•r 4 'v 

CQ O 
CQ 

a "d 

^ • r -4 

X 


xi o 
o ® 

(X N 

0 CQ *m 
d 0 


xl 

0 

n 

• r-4 

CQ 

0 

rd 

4-J 

d 

>> • 
m © 
04 
03 cd 
cd xl 

> CQ 


S» 1 " 

CO Jh xi cd 

” ^ .2 a 

^ £ £ <u 

^ 0 £ 

>-4 .a d «* 

4-J rj Jh 
0 0 0 
d > 

So 2 cd 

d x ^ 


^ d 

iJ u 
d ‘C 

2 S 

^ rd 
CQ Oh 
*0 03 

fijt 

Sh 

w 43 

03 

d 0 

Cd Jh 
bJO cd 




r3\ X 

v ,T ^ 

?vlil 


u. ; 


* 3 A-w f > r < 





LO 



£ 

0 


o 


0 

c 

o> 

o 

s- 

* 


z 

o 

CSI 

n 

& 

1 «-|_ 
o 

to 


1. 

> 

3 

Q. 

l O 

a 


i D> 

to 

pi 

: o 

_l 


u 

< 

H 


ii 

LU 


c 



o 

o 6 


u 

a> 


X 

o 

o 

tf> 

rC 


LLl 

I 


CD 

N 

N 

(VI 

hi. 

00 



i 


n 

N 

h- 

CM 

i 

I s - 

00 


Figure 15. — Micrograph (500X) of Raw 90 to 100° C Gurie 
Temperature, Manganese-Zinc Ferrite (Krystinel Corp.) 






TABLE 9. - PROPERTIES OF IRN 100 MAGNETIC OXIDE 
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Qualitatively in comparing runs G-10 and G-21 (IRN 100 magnetite) 
with runs G-22 and G-24 (900 to 100° C ferrite) it was found that the rate of 
colloid formation was much lower for the 90 to 100° C ferrite. Partially, 
this is due to the much coarser size of the initial material as is evidenced by 
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The decrease in magnetic moment can also be explained in terms of 
superparamegnetic effects, see discussion of results of the magnetic pro- 
\ perties of ferrorfluids. 
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Still another possibility for the decrease in magnetic moment might 
be the destruction of the magnetic domains by systematic grinding without 
any accompanying change in crystal structure. There would be a minimum 
particle size below which no material exhibit ferromagnetic properties. 
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TABLE 11. - CONVERSION FOR DIFFERENT GRINDS 



'After ultracentrifuging 





was due to the destruction of a portion of the magnetic properties by grinding, 
due to a stress-induced crystalline rearrangement. A more likely possibility 
is that of nonmagnetic contaminants being introduced into the suspension due 



In the attritor, there is a greater divergence. After 380 hours of 
grind at 600 rpm, the volume fraction solids from density measurements was 
3.77 percent. Measured magnetization was 75 gauss which corresponds to 
75/5660 = 1.32 percent solids content. The concentration solids in the initial 
charge was 3.0 percent. There was evidently some nonmagnetic material 
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The results of these tests may be compared with our run G-10 in which the 
corresponding proportions were: 
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grinding data obtained by SWECO yield a rate constant of 4. 0 5 
The reduced rate data are presented in figure 13 and table 12. 
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density of magnetite being about 5,0 gm/cc, the density difference for the 
Fluorolube is 3. 1 gm/cc as compared to 4. Z gm/cc for the kerosene. At 
room temperature, the viscosity of Fluorolube is about 1Z cp versus Z cp 
for kerosene. Under otherwise equivalent conditions, the settling times in 
Fluorolube FS-5 should be eight times longer. 



TABLE 14. - SEDIMENTATION OF MAGNETITE IN FLUOROLUBE FS- 





surfactants used were chemicals which were believed to be 
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Figure 17. — Rotary Vacuum Evaporation Apparatus to Concentrate Ferrofluids through Uniform Heating 

of Thin Liquid Films, by Removal of Solvent 
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size as do the larger particles due to the greater thermal disorientation of 
the smaller particles. At the same time the small particles contribute ex- 
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Initial experiments consisted simply of dipping a bar magnet into 
magnetic fluid, then suspending the bar magnet with its magnetic fluid coat- 
ing in a volume of solvent (kerosene) in a beaker. It was observed that the 
field served to hold the magnetic fluid to the pole piece in a satisfactory 
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where, from equations (12) and (13), 







To estimate the importance of superparamagnetism (thermal dis- 
orientation) on the above calculations the effective value of magnetic moment 
per unit volume was recomputed for each particle size from the Langevin 
expression L (a) for use in equations (16) and (17) 




TABLE 18. - MAGNETODIALYSIS EXPERIMENTAL DATA 



The initial objective of this phase of the work was to determine the 
feasibility of preparing a highly concentrated amalgam of low viscosity and 
high magnetization. For one application to energy conversion (ref. 7) the 
magnetization should be 10 000 gauss corresponding to a packing fraction of 
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of Luborsky (ref. 5) and coworkers; in their work the subdomain particles 
are produced in elongated shapes for use in the production of permanent 
magnets. The method was known to Joule (ref. 8) who observed the general 
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TABLE 20.- VISCOSITIES OF MAGNETIC AMALGAMS 
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It is seen that addition of indium reduced the viscosity by a 
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Qualitative experimentation in the preparation of nickel amalgam 
gave end results similar to the iron amalgam. Although initially deposited 
nickel amalgam is not ferromagnetic, it becomes so when temperature is 
increased. Bates (ref. 11) gives 22 5° C for the transition temperature. 
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PROPERTIES OF FERRO FLUIDS AND THEIR 



The electron microscope used in these measurements is the 100 kV 
Siemens Elmiskope I. This microscope has a useful magnification range o: 
200 to 200 000 times with a resolution of 10 angstrom units. The resulting 
images are photographed on 6. 5 x 9-centimeter glass plates from which 2X 
enlargements are obtained. 


These photomicrographs provide images of the base solid particles. 
The electron bombardment in the microscope results in severe heating of 
the particles. Temperatures of 1000° C have been estimated for nonconduc 
ing particles. Since the specimen is under vacuum, the organic layer evap 
rates or chars, leaving a carbon residue which is transparent to the electr< 
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rystanel, 90 to 100° C Curie point, manganese- zinc ferrite. Particles 
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The log normal distribution often characterizes the distribution of 
particle sizes for systems subjected to grinding so that the results obtained 
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TABLE 21. - RELATION BETWEEN DIFFERENT PARTICLE STJ|TKT1€S FOR A LOG-NORMAL DISTRIBUTION 
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In the above equations, v is a function of the size and shape of the 
particles in suspension. For a monodisperse system of spherical particles 
of diameter D 
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Magnetization curves for different assemblies of equal sized spherical 
particles were calculated according to equation (19) and are presented in 
figure 33. The magnetization of such equal sized systems in a 10 000 oersted 
field as a function of particle size is presented in figure 34. 


For a ferrofluid containing an arbitrary distribution of sizes the 
ngevin function is weighed by the size distribution in the general case: 
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efinition — — = V- the number average particle volume 



4 7r kT 


The magnetization curve of a ferrofluid with a distribution of particle 
sizes will be a function of the mean particle volume in a high applied field, 
and of the first moment about the mean volume in low fields. 






while in a low field 
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^igure 35. — View of Search Coil Mounted between Pole Pieces of 
an Electromagnet 
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Figure 40. — Normalized Magnetization Curve for LRN 100 Magnetite Powder 
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Magnetite-in-kerosene ferrofluid (run G-Z6) between -25 
and + 100° C. 
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igure 41. — Saturation Magnetization of Ferrofluids and a Ferrite versus Temperature 






In the case of the other two fluids (G-4, -5, -6 and G-21) the 
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Initial Permeability of Ferrofluids . - The initial permeability of the 
ferrofluids provides a simple characterization that describes the magneti- 



so that 



o 


G-10 

G-21 

G-21 solids in Decane (5-23-66-1) 



igure 43. — Magnetization of G-4, - 5 , -6 Fluids versus Inverse of A| 




H 3 

CD 

S CD 

•H rj 

nJ 


2 g 
.2 & 
^ w 


1X1 <D 
H W 


H |> 
^ 1 


, CD U 

rP P 

^ Ph 


O W 

2 to 

* H *h 

CD CD 




2 TJ 


u ' 



<D 



X 

rQ 


r-H 

a 


H-> 

CD 


P 

> 



• H 


(D 

bJD 


> 

u 

P 


p 

0 

<D 

3 


<D 

rP 

CO 
• H 

H 

H-> 

<D 

d 


O 


H-> 

g 


H-> 

P 


P 

CD 

bfi 

H 

0 

> 

1 

a 

<D 


p 

r-H 


+-> 

O 


CD 

• H 
-P 


X 

?H 



P 


*-h 

Ph 


O 

<D 


P 

bJO 


O 

P 


• rH 
4-> 

fn 


0 

<D 

CD 

> 


CQ 

P 


*H 

CD 


(D 

-4-> 

rP 


P 

H 


• H 



<D 

• 


rP 

P 


4-> 

CO 


r-> 

CO 


g 

• rH 


O 

0 


u 



m 

P 



The statistical variance of particle volumes is obtained by determi- 
nation of Hj) once H h is known. Hg is easily found from a graphical construc- 
tion based on M/€ M s plotted versus H h , so that 


(48) 


r 




T3 


There is very good agreement between the statistics obtained from 
the magnetic measurements and the electron micrography for the G-44 fluid, 
but poor agreement with the G-21 and G-4, -5, -6 fluids • The lack of accor< 
is in part due to difficulties in obtaining values of H^, and to some extent Hg . 



v Concentrated M s = 932 gauss VH. = 2.30 x 10' 3 © 435 gauss 

V Dilute M s = 88.6 gauss I/h"= 1.90 x 10~ 3 © H*= 525 gauss 



Figure 45. - Magnetization of G-44 Fluid versus Inverse of Applied Field, M g - 212 gauss 
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(or shearing stress) required to maintain a unit velocity gradient (or 
of shear) in the fluid: 


absolute viscosity, poises 




117 


uynusedthe value <fi c = 0. 74 corresponding to hexagonal close- 
es. Further calculations indicate that the choice of a given 



lication of General Relationship to Ferrofluids 
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Figure 47. - True Solids Volume Concentration as a Function of Relative 
Monolayer Thickness at Different Apparent Concentrations 
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Term B is therefore equal to 



The different average particle diameters in equation (63) can be ob- 
tained experimentally from particle size distribution measurements. <f> c an 
be obtained from viscosity measurements while € is obtained from density 
measurements. Therefore it should be possible to calculate experimental 
values for 8 using the above cubic equation. 
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Inherent in the use of a capillary viscosimeter is the assumption that 
the liquid under test is Newtonian in character. The mathematical analysis 
of viscosity data for complex systems is greatly simplified if the material 
under test is subjected to a uniform rate of shear. This cannot be accom- 
plished with a capillary viscometer and can only be approached with the 
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Figure 48. — Viscosimeter Tubes and Constant Temperature Bath (The tube at the 
left is a Fenske reverse flow type while the tube at the right is a conventional 

Ostwald design) 
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Variable Shear Rate Measurements . - As shown in figure 49(a), the 
silicone fluid DC 510 yielded a linear response under acceleration and de- 
celeration. The slight decrease of viscosity with time could be due to viscous 
heating that would produce a viscosity decrease as observed. This is a 
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Figure 52. - Absolute Viscosity as a Function of Temperature and Magnetization for G-21 Kerosene-Based Fluids 
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Figure 53. — Viscosity of Decane-Based Ferrofluid (M s = 310 gauss) versus Temperature 



00 '£ 

oie 

00I+/5Z" 

591 

auBoaQ 

05 * 

pxoB oxaxo 

ajxjauSBjA{ 

IZ-D 

0£I£ - 80 '1 

515 

- S£T 

0£ 

... 

auasoja^j 

05 ’ 

losojcay 

ajxjauSBjAj 

0 

1 

OOfrl - 5fr ’Z 

1501 

- ZIZ 

0£ 

86 

auasoja^j 

05 • 

0 1 oiuax 

ajxjati8B;px 


fZZ - 69 'Z 

£11 

- 161 

00I+/5Z" 

591 

auasoja^j 

5£ * 

pxoB oxaio 

ajxjau§Bj/q 

IZ-D 

0001 " £0*Z 

516 

~ 19 

0£ 

--- 

auasoja^j 

05 ' 

pxoB oxaxo 

ajxjauSB]/^ 

01-0 

££9 - 59 'Z 

015 

- £9 

0£ 

LZ\ 

auasoia)i 

05 *0 

pxoB oxaxo 

ajxjaxi^BjAj 

9“ ‘5“ >-D 

(a.in}B.iaduiaj 
uiooj: jb) 
so ‘axkre.i 
Ajxsoosxa 

sstvbS ‘a§uB.i 
uoxjBzxjauSBjAi 

Do 

*a.m}B.iaduia} 

1S3I 

(qdBj:8o.i3Xiu 
uojjoaxa uiojj) 
azxs axopj'ed 
a§B.iaAi2 *xoa 
oxjauiqjxjy 

ptnxj jcat^j-eo 

pijos UI§ /DO 
‘uoxjBJjuaouoo 
JUBJOBJ-IXIS 

juBjoBjJtxxg 

px^os oxjauSBy^; 

•om puxao 


sisal AaiawcosiA do Aavwwns - -os anavi 


£ puB z sxmj uaaAvjaq 
aixiij AiaAooaj jo sajxuixtu aAX 

09 

0 £Z IT 

(j^aqs avox ye) 

oooz 

... ' 

0001 

£ mu ‘IZ-O 

385 

Z puB x sxmj uaaMjaq atxxxj 
AjcaAooaj: jo ajnuxui x xo-iddy 

09 

0 £Z 11 

(j-Baqs mox jb) 
OOOZ 

... 

0001 

Z unj ‘[Z-O 

985 

pxnxjoaaaj pajB-ijuao 

-uoo AaaA b jo ajnj-Bu oxdojj 
-oxxqj pauxui-iajap sjsaj asaqx 

09 

0 £Z 11 

(xBaqs mox jb) 
OOOZ 



0001 

X xixxa *IZ-D 

*85 

Ajxpxxqj x^Sxxq jo 
pxnxjoajaj ajxixxp b sjsaj sxqj, 

08 fr 

005 11 

8 *Z 

(uox jbuxui x a jap 
aqx\j Aj-bxIT^ - 63 ) 
do g 

01 £ 

Quru ‘au^oap/pxoB 
oxaxo/ a jxjau 8 B]Al 

915 

pxnxj aouaaajaj; x^PT°II° 3UO M 

0 ZI 

005 11 


(axiXBA 

t aqBx) so 05 


pxxixj auooxxxs 
0 X 5 Buxuj: 03 - avoq 

*15 

sjuaxnxxioo 

spuooas 

‘auixj 

uoxj-Baaxsooy 

^_oas 

‘ajBJ JBaqs 
uinxmx-BjAi 

do 

‘Ajxsoosta 
ajBxd puB auoQ 

Ajxsoosxa 

XBuxuio]q 

ssrneS 

‘uoxjonpux oxxjaj 
pajBJix\j-BS 

P™I£ 

ajx\ 8 x £ 


ssaais av3HS snsasA 3iva av3HS oNmaaoNoo sissi ivoiocnoaHa do Aavwwns - Q 6Z anavi 


131 




n 


n 


^9 :;u 9 ui 3 jnsB 9 ui uoi^'Bzt^auS'Bin uo pos-eg 


do/uiS o*£ = s d * a 9 :;u0ui0insB0ui Arpsuop uo pos'eg 

Id - d ‘ 12 



— 

— 

— 

— 

m* 

99*1 

0 


L'Ll 

69Z ' 

ZT *1 

ZS ’ T 

658 * 

ZZ*Z 

Z * £9 


5*^1 

0ZL‘ 

8K£ 

89'fr 

Z66 * 

0Z *5 

A6I 


£*zi 

906 ' 

Z^ *9 

OKZ 

501*1 

9 *ZT 

Z0£ 


96*6 

8Z6 * 

si/z. 

08 ‘6 

90Z " I 

Z *59 

90f 


96 "Z 

Z66 '0 

Z0 *6 

S’ZI 

oze*x 

5 58 

0T5 

A^isodsta 

s /z 

;U0DJ0d 

Xuoojod 

DO /UI§ 

do ‘O oOC ve 

so 000 01 

paortpog 

‘SuipBOX 

* a 9 ‘Suip-eox 

*c/ Axisuoq 

Ll ‘Axisoosia 

= H ‘1AT 



°t - 

1 Dt 

^oiJXoxxinxoA 


oxnxosqy 

‘UOIX'B ZT} OuS-Bp^ 

> 

■ s u " 


q 





[ •. 

3 - s il_ 








(rz - o = X = < V V '' 5 ) 

SNOIlVy 1N3DNOD SOOIdVA dO 

saimd 9- 'fr-o do AiisNaa qnv 'aiisodsia 'noiivzii 3 Novw - us anavi 




9 :qru9ui9 jnsBaui uoi^-bzi^quB-bui uo pas^g; 


0 s - s d 

DO/UI^ q*£ = d = d; 


9 :^u0uisj:ns'B0ui A^isuop uo posBg; 








6 L * 

Z8 * I 

0 

0 *0T 

501 * 

81 ‘I 

I *1 

8£8 * 

£0 *Z 

A9 

^*01 

09Z * 

8Z *Z 

5 *Z 

968 * 

9t *Z 

6ZT 

6 *6 

Z£5 * 

58 ** 

* *5 

IZ0*I 

LS ’£ 

69Z 

59 'L 

518 * 

9* *6 

L *01 

£*Z ’ I 

Z8 *6 

5£5 

59 'L 

Z£8 ’ 

L m 6 

6 *01 

05Z * I 

8 *01 

8*5 

5Z 'L 

988 * 

6 *01 

Z *ZT 

*0£ * I 

L m 51 

919 

98*9 

9Z6 * 

I *ZI 

5 *£I 

09£ *T 

5 **Z 

889 

85 *9 

*56 * 

Z *£I 

5 **I 

tot *1 

0 *6£ 

LtL 

*1 *9 

*86 *0 

£**I 

0 *91 

L9t ’ I 

901 

018 

--- 

--- 

Z 'Ll 

8 *61 

£9 *1 

avoxj oh 

5 L6 

A^isoosia 

p 0 onp 0 ^j 

-r ' i 

i L°/i - s u J 

s u 

°k - % 

}U 0 DJ [ 0 d 

‘^9 ‘Suip-eox 

qDij:^ 0 iimxo^ 

XU0DJ0d 
* a 9 ‘Suip^ox 
104011111x0^ 

OD /UlS 
* d ^ISUOQ 

d = ‘o oOe 
* U ‘Axtsodsia 
0 Xtixosqy 

90 000 01 
= H ^ *W 

‘UOIX'BZIXOuS'BX 


(68*0 = >1 = a 9/ w 9) 

SNOIlVd 1N3DNOD SHOIdVA dO 

saimd ol-o do AiisNaa cmv 'aiisodsia 'noiivzi±3Novw - -zt anavi 












a Based on conversion K = 0.65; KM = (0.65) (5660) = 3600 gauss 









TABLE 36. - VARIATION OF VISCOSITY OF 5-23-66-1 MAGNETIC FLUID 
" (6-2 1 SOLIDS DILUTED WITH DECANE) 

M. = 310 GAUSS 



. 0843 


Pure decane., 
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reference graph which shows the behavior of a fluid known to be Newtonian 
in flow characteristics. 



The curves presented in figures 50(a) to 50(c) exhibit thixotropy, the 
isothermal gel- sol-gel transformation in a substance subjected to increasing 
then decreasing shear. The area bounded by the up and down curves results 
from the temporary breakdown of the gel like structure of the material. The 
enclosed area of the "hysteresis loop" is seen to be determined by the maxi- 
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These results were analyzed in terms of equations (57), (63), and 
(65), from which it was possible to draw conclusions on the structure of the 
ferrofluids,. 


Relations between Magnetization and the Viscosity of a Multidisperse 
Ferrofluid. - The viscosity of a suspension of coated spherical particles of 
radius r and stabilizing layer thickness S, is related to the volume concen- 
tration solids in suspension by equation (57). For multidisperse systems, 
the equivalent equation is: 
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Viscosity of a Ferrofluid as a Function of the Physical Parameters 
of Its Components . - The viscosity measurements provide valuable insight 
on the structure of the stabilizing layer around the individual colloidal 
particles. They also provide information on the effect of size of the particles, 
the nature of the stabilizing agent and the viscosity of the base fluid. 



Volume fraction solids, € 

87- 280 7 ___ 

Figure 55. — Reduced Viscosity versus Volume Fraction Solids at Different Temperatures for G-2T Fluids 




Figure 54 which was presented in the previous section is a plot of 



The values of f (<£ c ), <£/£ and 8 obtained for these different ferrofluids 
are presented in tables 37 and 38. The values for grind G21 at 30°C are obtained 
by interpolation from figure 55. This figure presents the reduced viscosity 
versus concentration for G-21 fluids at different temperatures. These re- 
sults are discussed in further detail in a following section. 
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These numbers further indicate that there is not sufficient oleic a-cid present 
to form a second layer of oleic acid molecules around the particles, assuming 
equal distribution among all particles in the system. 
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Figure 56. - Molecular Model of Oleic Acid (Extended Configuration) 
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TABLE 39. - SURFACE COVERAGE OF FERROFLUID PARTICLES BY OLEIC ACID 





>rder to account for the thickness of the stabilizing layer it is 
to consider the co-adsorption of solvent molecules on the par 



Figure 58. — Idealized Multilayer Absorption of Surfactant and So lvent 
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applies, differences in boundary layer thicknesses might be found with car- 
riers of differing molecular structure with the same surfactant. Evident 
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Miscellaneous liquids 


|iu o*9 m m 

pOLUJOJ 9^!dlO04d 0|\| 


|IU 01 WM 
pamjoj a^idjoajd o|\| 




jtu'uoneinooojj asneo 0 } papaau }U9A|os jo awn|OA 



d 

CD 

CO 

t>N 

d 

d 

TJ 

r-H 

i-H 

<D > — i 

1 

?H 

i 

rd 

+■> 

bJD 

0 

*d 

d 

CD r d 

CD 

i—H 

d 

u 

0 

rj 

d 

d 

+■> 

00 

0 

0 

d 

w g 

Q n 

CD 

o 

Pi 

M 

d 

u 

U 

"d 

o 

+■> 

CO 

.a 

o 

m 

MH 

0 

r > ni 

CO 

d 

d 

d 


u 

o 

"d 

vi 

a. 

o 

u 

0 

CO 

O 

d 

d 

• rH 

CO 

a) 

+-> 

d 

4-> 

d 

0 

•rH 

d 

o 

4-i 

d 


+-> 

n-4 


0) CD a 

h a a 

5 bJO -r 


d 

CO 


0 

0 

H 

d 


d 

d 

nd 


+J 

s 

r-H 

•iH 

d 


d 

d 

d 

t-H 


o 

CO 

d 





0 

O 

u 

. 

0 

Pi 

0 

d 

p^ 

CO 

d 

4-> 

m 

0 

0 

MH 

+-> 

d 

/1\ 

+-> 

d 

>n 

r-H 


M'S O 


"■D-S 

II rj •*-> 

2 6 o 


4-> 03 

o - H ^ 

<U T3 S 

<+H -H P 

^ 2 O 


B g ^ 

CD 4-> 
0 ,tH 


• r-i .. *i-i 

rj "d r-j 

s Ji & 

a) 5 

S g o 

8 a a 

O d 
PS a bo 

£ co S 


H W ~ 
+5 CO 

a 2 d 
S a o 

W W '^J 

cu .h d 
fn "d > 
a rn > 

M Li 


ri W 
3 2 
a s 

.h bo 


O d 

ti U o 

>s fl 
n O -h 

0 > >d 
rd £j 0) 

4^ TO -P 

HH • rH 

d ffi d 


s ° 

3 rd 
w * -H 

rrt 


^ <q oo 


o ^ H 

? w 

d) rj <5 


o tj c; 

MH 0 
?H 4-> T3 
0 O 0 

a d - 

_ ?H • rH 

O -!-> X) 

H “ o 

§ a 

u 




ferrofluid in it, so that the dielectric constant could be taken as approximately 
1.5. A value which is corrected for the fact that ferrofluid occupied only the 
cylindrical volume between two, round flat -faced electrodes is estimated to 
be over 2. 


TABLE 41. - COMPARISON OF VISCOSITIES OF KEROSENE G-21 FLUID (M s = 310 GAUSS) 
AND DECANE BASE G-21 FLUID (M c = 310 GAUSS) AT 30° C 







Colloidal Stability of Ferrofluids 
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photomicrographs (D VA = 165 A) than the particles obtained in grinds which 
contained a higher concentration of surfactant. The agglomerative tendency 
for these fluids is therefore higher than for the fluids which contain a higher 
initial concentration of surfactant. 
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If this picture is accepted then the further criterion is that the entropic re- 
pulsion energy curve when algebraically summed with the attraction energy 
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It has been observed that an excess of such compounds as acetone 
dioxane, the lower aliphatic alcohols, carboxylic acids such as propionic 



acid, butyric acid, octanoic acid as well as oleic acid, butylamine, poly 
(dimethyl silicone oils) (Dow -Corning 200 and Union Carbide Corp. L-45 
fluids of greater than 10 cs viscosity) poly (phenyl methyl silicone oils) 
such as Dow -Corning 510 and Dow -Corning 710 fluids, poly (diamyl silicone 
oil) (Union Carbide Corp. L-42 fluid), resulted in flocculation. 
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Desorption of the coating of surfactant around the particle, 
thereby destroying the stabilizing sheath. 



energy of vaporization per mole 
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The molal volume is simply the ratio of the molecular weight of 
the fluid, MW, to the density of the fluid at the temperature under considera- 
tion, p . 
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The distribution of some of the more common solvents by solubility 
parameter and hydrogen -bonding strength is presented in table 43. The 
closer the match of solubility parameter and hydrogen -bonding strength 
of two liquids, the more alike they are. Note that in going from lower left 
to the upper right of table 43, one progresses from nonpolar to polar liquids. 
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An efficient method of systematically washing a solid material with 
a small amount of liquid is to use a Soxhlet Extractor (fig. 61). The material 
to be extracted is placed in a porous thimble usually made of paper. This 


Water-cooled condenser 



Soxhlet Extraction Apparatus 
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Attempts were made to redisperse freshly extracted G-15 solids 
from the acetone extraction. These solids did not readily redisperse when 
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The instrument is designed in such a way that f (r/c) is invariant 
over large ranges of values of y . The surface tension of a given liquid y v 
is easily obtained from the following equation 
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A number of salient points are observed, as follows: 
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The theory, developed in all its essentials by M. D. Cowley, has been cast into its present form by a present. author 
(R.E.R.)* The experimental determinations were performed at the Avco Laboratories. The development here is in 
cgs units. 
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Next the neutral stability condition is obtained by balancing the effect 
of gravitational forces, surface tension, and magnetic forces. The condition 
is satisfied for a given magnetization by two wave numbers of surface per- 
turbation above a critical level of magnetization. 
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Since this is a linearized theory, the magnitudes may be approximated as 
follows: 


o 

rO 

ctT 

oo 




<N 


JO 

+ 

CN 

JO 

+ 

CN 

JO 

+ 


N 


X 


o 

pq 


JO 

CN 


CN 

O 

PQ 


CN 

PQ 


o 

PQ 


jo 

CN 


CN 

O 

pq 


JO 

+ 

o 

PQ 

■ll 

PQ 


CO 

2 

4Q 

H 


II 

S 


CO 

Pi 

0 

43 


0 

+3 0 

s; 

<-H Cl 

• rH 

>> X* 

p 


o 

o 

u 

d 

Xl 

0 


XJ 
Pi 
cj 0 


d 


JG 

+ 


rH 0 
P 

© 


O m x> 
ffi \ Pn 


II 

ffi 


>, 0 


m S 

^ p 

£a 

p 

n 0 
t PQ ^ 
0 

» .a 

0 43 
Pi u. 


0 

CO 


a 

o 


a 

0 

a 
o 

o a. 

2 a 

•H O 

nd o 

0 0 
43 a 
H H 


xi 

o 

00 

00 


JO 


JO 

0L 


X 

jG JO 

X X 


JO 

G_ 


II 


JO 

=L 


II 0 

43 


CO 

a 

00 o 

d 


Pi 

o 


0 

•rH 


4-> 

4-> 

d 


£ 

PI 


• rH 

CT 1 

CO 

X5 

0 

• iH 

0 

CO 

' — » 

CO 



CO 

0 


0 

o 

X 

Pi 

d 

" — ' 

Q_, 

r— 1 

o 

X 

OP 

N 

0 

d 

0 

0 

43 

J 

CO 

u 

d 

<4H 


>> 

4 -» 


* Ph 
B 43 


OP 

0 

o 

CO 

pi 

CO 


0 

tp3 

1 

t« 

II 

t JO 

x3 

r—H 

0 


0 

43 ~ 


0 s 
cu £ 


MH 

CO 


(3 

CO 


CJ 

II ^ 
O 

"0- OP 
O <D 
43 

-4-> 

1 O 

CO 

o 

II 



° d 


X 

00 .H 


• - 


(H d 

l> 

+ 

d 0 

^ ^ 

r—H 

0 4-> 

£ o 

13 * 

o 

l> 

M-/ 



d u 

(H 

II 

=L 

M 05 

W H 

d 

s 

0 

p 

0 

Pi 

o 

PH 

CO 

d 

0 

d 

0 

43 

X 

£ 

'-H 

0 

H 


cti 

14 

0 

Pi 

0 

bJO 


X 



o 


Pi 

o 

• I— I 

4 -> 

d 

N 

• rH 

Pi 

d 

0 

Cl 


0 

X 

4-> 


>s 

u 

d 

p 

d 

u 

u 

<3 

0 

43 


Pi 

0 


O 

N 

X 


O 

N 

X 


X) 


X 

X 


l\ 

tG 


CO 

0 

a 

o 

o 

0 

43 

S' 

CM 

oo 

Pi 

o 


Pi 

0 


Xl 

Cl _ 

0 ° 

y II 

0 

■43 

U '— 1 

jg 0) 

.a 2 

0 

Ji * 

° a 

CO fo 

o 

N 

JQ II 


o o 

PQ PQ 


Pi 

43 


N 


« O 

" II 

G^ 
PQ 

JO 

a + 

43 pq 

H " 


CM 

o 


LO 


o 

II 


‘O' N 
X X 


Next the consequence of the tangential condition of (82a) is determined. 

At the surface the tangential component vector of H, denoted H t is given by 
= (nx H )x n ; this vector lies in the plane of the vectors ii and H . 


t 




O 

Pi 

CD 


a) 

4-> 

r d 


•H 

Pi 


d 

0 


• rH 

mh 

4-J 

m 


0 

i> 

u 



• iH 


4-i 

<-h 





0 

0 


rd 



4-> 

4-> 1 


MH 

r^ I 


O 

T— 1 

a 




O o 

»— I r— I ™ 

Ctf O ^ 

4-> <4-1 


ri 

0 


— 

0 

4-> 


II 

Pi 

O 



• rH 

0 

> 



4-> 

d 

0 

CD 



CO 
• |— 4 

d 



4-J 




4-i 



Pi 

d 

W 


0 

0 

0 


4-i 


> 


U 

OJO 

• H 


0 

Pi 

OJO - 


> 

•H 




>N 

CO 


0 

Pi 

d 



Pi 

G 


4-i 

rt 

Pi 

0 

+-> 


O 

O 


CO 


o . 

N ^ 
<-£> r O 


CO <D 0 
O rd S 

j_j rH 


Pi ^ 
O O 
•h CQ 

+-> i , 


TJ O 
*d S3 

ctf Li=£_. 


U rd 

o nj ^ 


o 

N 


r- 0 ^ 

~e- o< g 

, 1 CO 



O 


O 







*-—*K 



II 


II 

CM 




CN 

O 


{ 


0 


0 

d 






0 

O 


(N 

CN 

•rH 





CN 

4-> 

II 





d 






d 

1 — 1 


+ 


+ 

cr 

0 





0 

i-H 

1 — 1 

01 CN 

CN 

e 

CN 

d 


<N 


CN 


0 

■H-. 

<■£> 

1 

<“0 


•H 

4-> 

+ 





•r- 1 



+ 


_|_ 

TJ 

CN 




d 

0 



CN 

O 

CN 


0 

CN 

0 

CN 

H CN 
<“C> 

CN 

X 

0 

CN 

<"D 


<“C> 


Pi 





d 







O 


vO 

00 


Similarly, from the tangential condition of (93) 



Equations (96a, b) solved simultaneously reveal that both^, and ^ are 
directly proportional to z 0 # 
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where 


body force per unit volume due to magnetic origin 
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iii. F = MVH/4 tt 




The normal force on an element of unit area at the surface is given 
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problem reduces to an evaluation of I F n dn for each case. 
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since, 


Thus 
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Hence 



Thus 


Having stated the force expressions and developed the corresponding expres- 
sions for surface stress, it is now possible to obtain linearized expressions 
for both which will be useful to the problem under consideration. 
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since all terms are small quantities of the second order. 
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equilibrium, then it is due to the effect of surface tension y such that the ten- 




Hence in (ii) where 


while in 
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as the condition for equilibrium. For a given deformation of the interface, 
there will be tendency to lower crests and raise troughs provided ( p 7 - pi 



and this expresses the condition for stability entirely in terms of independent 
variables and the shape of the free surface. The expression may be sim- 
plified through the introduction of the nondimens ional quantities 


(106a, b) 
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w hen = 2 and this occurs when k = 1. This qualitative prediction is 

1 -t- 1/ft 

in accord with the facts of experimentation, that 


r 


M 4-i 

n ^ 
. 0 +-> 

•ri o 


<D 

•5 ^ 


Pi rM 

jJC} 

0) to 
U <D 
O O 

8 £ ® 
two £ A 

•S s.? 


^ .2 s 

^ Is S 


G +■> o 

^ <D 
ctf ri oJ 


£ «) 

5 $ 

^ ctf 

6 d« 


£ £ 0 
rt % rd 

S ;S 

s 3 .s 

■“ 1) h 

0 ft ,3 

i — I . 

gilin 

'£ ft ° 
• H to ri 
ft o 

S O .1-1 

rd +3 

O 4 . ri 

a “ r 
^ H £ 
*! ai .2 

s-jJ 


O 

O N 
N 

(N 


fi <D 

co a 


•H ° 
*-H ^ 


S *H 

Sc 03 
P S rM 

aj 

CO i X 

^ -m ri 


S ^ <D 

^ ’rt CD 
22" 
i+j Pi 
ri ri 
(D 0 


a 

CD 


* >IN 'f" 1 

SS^I 


-4-> 

W 4-> 
• H • H 

0 

d 

<D 

. H U 

d 

d 

to 

3 0 

CO 

•H 

(D 

A 

£ 

£ O 
g rd 
U 4-> 

• H 

4-i 
1 — 1 

<D 

S 


NO 

o 


bility as follows 




197 


•uo't^'B jqi {mb a jo sA-ep omj jajj-e asu-etp 

•pmijOJJSj IZ-O b 


uoijisirej} jdnjq^ 

frl 

9ZI 

866* 


9Lf * I 

OZ 

8 

0§*bj:9aod xx n J yz solids fg 

9 *6 

T8I 

TOO* 

jiy 

9Lfl 

OZ 

L 

uo8‘ex9q ^99jJ9d 
ui s.i9qxo xt s sn^d 9qxds x^JJ^q 

q^I 

qS*I 

866* 

J9JB7W 

808*1 

81 

9 

ssmeS oiZ = H 9§‘BJ9aod XT n .i 

*PX9IJ JO 9SB9JOUI OJ JU'BIJ'BAUI S*8A V. d 

•(ssrveS x t) tioijxsu'BJj jdnjq^ Ajz a 

\ 

01 

GfZ 

TOO* 

Jiy 

H- * 

o 

00 

81 

9 

uiui gz = qjd9p j9J‘b^/v 
• sstveB iy\ = gi? p9Jtis^9m 

IZ 

991 

866’ 

J9J^jV\. 

90Z * I 

91 

f 

sgqids l£ 

01 

L\£ 

TOO* 

Jiy 

90Z * I 

91 

£ 

A'ezji'e x'BuoS^xgq 9j9xdmoD 
A^X^Sip OJ XT 131113 °°} JOUT'BJUOQ 

9Z~ 

8*1 

866* 


001 ‘T 

8T 

Z 

sstveS gg 9 = g ye Abjj-b 
9j*enbs oj sgSireqo A'bjj'B X‘buo3*bx9h 

Zl 

£9f 

i— i 

o 

o 

o 

*IV 

001 * T 

81 

I 

sjtigmmoQ 

mm 

‘ ‘qjSu9X 

JBDTJIJO 

sstveS 

,D a ‘pi 3 tj 

DIJ9uS'Bm 

oo/mS 

‘mnipam 

DIJ9uS'BmiIOU 

mnxpgm 
oxj 9 u 8 *emuo jq 

D3/m§ 

‘AJTSU9P 

pinxjojJ9 v £ 

mm 

*qjd9p 

pxnxjojJ9 

•ojq JS9X 


peotjt J2 ) J° Ajtsusq 


aiaid DU3N0VW waodiNn v do aDNasaad am ni 
aimd anavznaNovw do Ainiavis aovdans aHi aNiwaaiaa 01 siNawmadxa - ‘zs anavi 




TABLE 53. - EXAMINATION OF THE CONSTANCY OF THE CONVERSION 







is theoretically independent of y. This is shown from combination of equa- 



Table 54 presents the comparison with theory. It is seen that the 
agreement is reasonably good in all cases (+19%, -18%). 
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M , gauss 





TA&LE 55. - ESTIMATION OF TENSION, V, FROM THE STABILITY EXPERIMENTS 
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In view of both the foregoing it appears that the theoretical predictions 
proven correct within the accuracy of the data. 


CONCLUSION 



in which M ss is the saturation ferric induction of the solid, magnetic con 
stituent of the colloid (expressed in gauss); s denotes distance and other 
quantities are identified on the figure. 
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Motor armature 



of Current State-of-Art and Theoretical Limits 






or 2 x 10 5 dyne/cm 3 . The specific force on the rotor of an electric motor 
taken as 8 x 10 5 dyne/cm 3 is reckoned from a field gradient of 10 3 oersted/ 
cm acting upon iron that is nearly saturated. These latter two examples 
illustrate forces beyond those presently obtained in the magnetic liquid but 
within the realm of theoretical possibility. 
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